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Re-Usable  Thin-Layer  Spectroeiectrochemicai  Ceil  tor  Non-Aqueous  Solvent 
Systems 

W.  Andrew  Nevin  and  A.B.P.  Lever4, 

Department  of  Chemistry,  York  University,  4700  Keele  Street,  North  York 
(Toronto),  Ontario  M3J  1P3,  Canada. 
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Abstract 


A  thin^layer  spectroelectrochemi cal  cell  for  use  with  aqueous  or  organic 
solvent  systems  is  described  and  evaluated.  The  cell  design,  comprising  a 
working  chamber  formed  by  sandwiching  Teflon  spacers  between  two  optical 
windows  and  a  Teflon  body,  allows  versatility  or  tne  working  electrode 
material,  and  is  easily  dismantled  and  reassembled.  Variation  of  the 
window  material  permits  measurements  to  be  made  over  a  wide  spectroscopic 
range,  from  the  uv^visible  to  the  infrared  regions.  The  performance  of 
the  cell  is  assessed  for  a  gold  minigrid  worKing  electrode  in  the 
uv-visible  region  using  the  oxidation  of  L 2 , 9 . 16 , 23-tetra( neopentoxy ) - 
phthalocyaninato] sine  to  its^-cation  radical  in  o-dichlorobensene ,  and 
in  the  infrared  region  by  investigating  the  reductions  of  bis( 2, ^’-bi- 
pyridine  ) i 2 , 2 ’ -azodipyridine ) ruthenium ( II )  bis ( hexar iuoropnosphate )  in 
deuterated  dimethylsulf oxide . 


14/10/07  Anal  dhum  A> >-4t. 4  i 

Thin-  iaver  specf  roeiectroohemist  ry  nas  r •  rr.-  >  w 
technique  in  many  laboratories  tor  tne  character.'  .•»»  *  :  *  ’  r.-u  u.c 

spectroscopic  properties  01  e leet react  1 ve  -.pec  .  ■:  ar.v  1,  :  :  •-? 

designs  of  optically  transparent,  thin -iaver  "u."  1  ■  1  :  ;  >■  1 

been  reported,  based  on  a  variety  or  worKint  e  i  **•••.  r-  '<ie  mat  <-r  .  a  .  u  1: 
gold  minigrid ,  platinum  gauze ,  vitreous  caroon  ,  metai  :  can .  *  i  r.  >1  n.  : 

thin  metai  or  caroon  films .  Relatively  simple  ojn  ues  1  gns  nav.-  t 

successful  ly  with  aqueous  solutions;  however,  difficulties  arise'  wj  * 

organic  solvents,  since  these  attack  the  adhesives  commomy  used  ,r.  ce  1  i 

construction,  so  that  cell  lifetime  is  severely  limited.  ns  a  result, 
most  cells  designed  for  use  with  organic  solvents  nave  consisted  01 
complex  assemblies,  with  inconvenient  construction  and  in  wni'-n  cleaning 
or  replacement  of  the  working  electrode  is  often  difficult,  particularly 
with  the  fragile  gold  minigrid  (2-6).  An  improved  ceil  has  recently  Peer, 
reported  by  Lin  and  Kadish  (6)  which  shows  excellent  electrochemical 
behaviour;  however,  it  requires  a  fairly  roDust  platinum  gauce  worKing 
electrode.  As  yet,  no  design  has  been  reported  ror  organic'  solvents  which 
allows  convenient  assembly,  cleaning  and  versatility  01  wonting  eiectrode 
material . 

We  report  here  a  re-usable  uTTLE  ceil  in  which  a  go  id  mini  grid 
working  electrode  is  sandwiched  between  Teflon  spacers  and  a  let  ion  tody 


without  the  use  of  epoxies  or  other  adhesive  material.,.  ...engage  1.;  net 
a  problem  over  tne  normal  experimental  time  periods  die  cm  1  1 


easily  dismantled  ror  cleaning  or  replacement  of  tne  »  ...  1  >  nun. grid  mu 
rapidly  reassembled .  It  can  be  used  under  degassed  condi*  uns  with 
aqueous  solution  or  a  variety  of  common  organic  ••  1  ect .  n  •< ‘icini .  ■  1 1 
solvents,  such  as  o-d  icniorobenzerie  ,  N  ,  N-dimethy  1  :  ormami  i-.  pra'vi.n.- 
carbonate  and  d  imethy  1  su  1  phox  ide  .  A  usetui  1  e.ar.ure  ■  1  ••*•1  .  .  .  • 


,‘i  r  i  . 


. *-rr.  A  4  ’  -i  . 


versat  i  i  ity  over  a  wi  4*-  spectroscopic  range  dv  varvme  me  winaow 
m  -i  t  •- r  :  a  i  --6  T  rom  the  av  -  v  i  ^  l  bl  e -near  :r  1  •juartr  .  ryrex  I  to  tne 
inrrare.l  regi  ns  >  Nau  *  .  1  aT  2  ,  ,sl).  sittie  use  nas  been  mode  uTTLEs 


i  r.  '  r.<  . :  rareo  region  out  interest  appears  to  nave  been  growing 

r>-  •jn',  i  y  5,1-4' 

The  ise  r  tne  eeu  in  tne  av-visible  region  is  uiustratea  by  the 
ox  ;  uot, .  on  oi  I  2 , y , lb .  15-tetra  (  neopentoxy  )  pnthaiocyamnato  J  zinc 

i  ZnlNPci  '  m  o-dichiorobenzene ,  and  in  the  infrared  region  by  the 
reduct  ion  of  [bis(2',2’-bipyridine)(2,2’  -azocii  pyridine  )  rut  heniumf  1 1  ) 
b i s (  hexar  1  uorophosphate  )  (  ku(  bpy  )2  (  Azdpy  i  (  r’Fe  )c  )  in  deuterated 

dime thy l sulfoxide . 

experimental  Section 

Ceil  Co n s t rue 1 1 on 

The  design  or  the  thin-layer  ceil  is  shown  in  figure  1.  The  working 
chamber  is  formed  by  sandwiching  two  Teflon  spacers  Detween  two  windows, 
and  contains  a  semi-transparent  gold  minigna  (  bUU  wires/inen,  60% 
transmittance,  Buckbee  Hears  Co. ,  St.  Faul,  MN )  as  the  working  electrode, 
platinum  foil  as  the  counter,  and  silver  foil  (Aldrich,  0.025  mm 
thick)  or  AgCl  coated  silver  roil  as  the  reference  electrode.  This  last  was 
prepared  electrocnemical iy  by  passing  an  anodic  current  of  ca.  15  PA/cm^ 
for  dU  min  through  trie  silver  roil  immersed  in  u.l  M  HC1  (15).  The  pure 
silver  foil  reterence  will  drift  up  to  lOUmV  which  can  be  an  inconvenience. 
The  AgCl  coated  foil  is  much  more  stable,  and  is  preferred,  especially  if 
tne  solution  can  tolerate  chloride  ion  as  the  supporting  electrolyte  anion. 
The  counter  and  reference  electrodes  are  separated  1 rom  each  other  ana 

1  t  rom  the  working  electrode  by  two  roLls  of  Teflon  tape.  The  assembly  is 

! 

’  held  between  two  Teflon  holders  wnich  are  tightened  together  to  give  a 

i he  dimensions  ot 


pressure  seal  between  the  Teflon  spacers  and  windows . 
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the  working  chamber  are  defined  by  the  size  and  thickness  of  the  Teflon 
spacers.  In  this  study  the  cell  thickness  was  0.45  mm,  with  a  chamber 
volume  of  100  ul .  Electrical  contact  to  the  gold  minigrid  is  made  outside 
the  working  chamber  by  attaching  a  tinned  copper  wire  with  molten  indium 
metal  using  a  soldering  technique.  Contacts  to  the  counter  and  reference 
electrodes  are  made  using  microgator  clips.  Further  information  on  the  cell 
design  may  be  obtained  from  the  Authors. 

The  cell  is  filled  via  hypodermic  needles  inserted  between  the 
Teflon  spacers,  and  in  order  to  eliminate  oxygen,  cell  filling  may  be 
carried  out  under  an  inert  atmosphere  using  degassed  solutions.  An 
assembled  cell  can  usually  be  used  for  several  experiments,  by  cleaning 
each  time  with  a  suitable  solvent,  via  the  hypodermic  needles. 

Materials 

ZnTNPc(-2)  (16)  and  Ru(bpy)2  ( Azdpy ) ( PFe ) 2  (17)  were  prepared  as 
described  elsewhere.  o-Dichiorobenzene  (DCB;  Aldrich,  Gold  Label)  and 
deuterated  dimethylsulf oxide  (DMS0-d6J  MSD  Isotopes)  were  used  as  supplied. 
Tetrabutyl ammonium  perchlorate  (TBAP;  Kodak)  was  recrystailised  from 
absolute  ethanol  and  dried  in  a  vacuum  oven  at  bU°C  for  2  days.  Lithium 
chloride  (Anachemia,  reagent  grade)  was  dried  at  12U°C  for  24  h.  Water  was 
purified  by  double  distillation  over  KMnC)4  ,  followed  by  passage  through  a 
Barnstead  organic  removal  cartridge  and  two  Barnstead  mixed  resin  Ultrapure 
cartridges.  All  other  chemicals  used  were  of  analytical  grade. 

Methods 

Electronic  spectra  were  recorded  with  a  Hitachi  Perkin-Elmer 
Microprocessor  Model  -i 40  spectrometer.  Lril  rared  spectra  were  recorded 


using  a  Nicolet  Model  SX20  Fourier  Transform  Infrared 


i'TIU)  spectrometer. 


win  i'  v 
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A  gain  of  18  and  84  scans  per  spectrum  were  used  for  r.ne  FTIR 
measurements.  Electrochemical  measurements  were  made  with  a  Princeton 
Applied  Research  (PAR)  Modei  174A  polarographic  analyzer  coupled  to  a  PAR 
Model  175  universal  programmer.  The  thin-layer  ceil  was  filled  under  an 
atmosphere  of  nitrogen  in  a  Vacuum  Atmospheres  Drilab  (organic  solutions) 
or  a  glove  bag  (aqueous  solutions).  DMoQ-d6  solutions  were  prepared  in 
the  dry  box.  DCB  solutions  were  prepared  in  air.  degassed  by  repeated 
f reeze-pump-thaw  cycles,  and  then  transferred  to  the  dry  box  Aqueous 
solutions  were  degassed  by  purging  with  nitrogen  gas. 

The  optical  window  material  may  be  varied  according  to  the 
spectroscopic  range  required.  In  this  study,  Pyrex  windows  were  used  ror 
the  uv-visible  region,  and  sodium  chloride  windows  lor  tne  mirareo 
measurements . 


Results  and  Discussion 

The  electrochemical  characteristics  of  the  cell  were  assessed  ror 
aqueous  solution  using  the  [Fe(  CN  )6  *  /  [Fe(  CN  )s  )■*  *  coupie  in  1  M  itNua 

solution,  as  shown  in  Figure  2.  The  cyclic  voitammetric  waves  are  a i most 
symmetrical,  and  the  current  returns  approximately  to  me  oaseiine  alter 
each  peak  maximum,  indicating  that  the  ceil  closely  fonows  tne  expected 
ideal  thin-layer  behaviour  (18),  and  that  edge  effects  are  small  borne 
effects  of  the  resistance  of  the  thin  solution  Laver  are  observed,  as 
evidenced  by  an  increase  in  peak  to  peax  separation  witn  increasing  scan 
rate  from  15  mV  at  lmV/s  to  1UU  mV  at  1UU  mv/s.  rea«  to  p.eaK  separations 
measured  at  several  scan  rates  are  given  in  Table  i. 

Organic  solutions  give  a  greater  deviation  t  rom  ideal  behaviour 
Peak  to  peak  separations  are  larger  than  for  aqueous  rciit  *on.  reflecting 
a  higher  iR  drop  across  the  t.hin  layer  Figures  a  me  w  >  lie  result  s 


tVoS*! 


.la  -  a.*  »,»  4_ >  m. *  t.l 


>-»  ><»  f *,l  »-*  *.*'«-<  »  *T*  *'»  4'»  i't  l  i-l  .  l  i  «  -  4’».  I’a  1'^  4' 
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obtained  for  the  first  oxidation  of  ZnTNPc(-2)  to  its  n  -cation  radical, 
[ZnTNPc( -1 ) ]♦ ,  in  DCB  solution  with  0.3  M  TBAP  as  supporting  electrolyte. 
The  cyclic  voltammogram  (Fig.  3)  shows  well  defined  tairiy  symmetrical 
waves,  having  a  peak  to  peak  separation  of  240  mV  at  a  scan  rate  of  1 
mV/s.  Figure  4  shows  the  formation  of  the  n -cation  radical  species  upon 
oxidation  across  this  couple.  The  final  spectrum  is  very  similar  to  those 
recently  reported  (19)  for  the  electrochemical  and  photochemical  oxidation 
of  the  unsubstituted  zinc  phthalocyanine  derivatives,  ZnPc(im)  ( im  = 
imidazole)  and  ZnPc(py)  ( py  =  pyridine),  respectively,  in  dichloromethane 
solution.  The  spectroscopic  changes  are  fully  reversible  to  the  initial 
species  upon  re-reduction.  Time  for  equilibrium  at  each  potential  is  ca. 
15  min  in  DCB  solution;  however,  in  more  conducting  solvents  such  as 
N , N-dimethyif ormamide ,  equilibrium  is  reached  within  5  min. 

The  OTTLE  cell  can  easily  be  adapted  for  the  infrared  region  by 
using  NaCl  or  another  suitable  window  material,  and  by  choosing  a 
solvent/electrolyte  combination  whose  absorption  is  low  in  the  region  of 
interest  for  the  compound  under  investigation.  Use  of  the  FTIR  technique 
enables  one  to  subtract  out  the  solvent/electrolyte  absorption  from  the 
sample  solution  to  leave  the  pure  sample  spectrum. 

As  an  example,  we  report  the  reduction  of  Ru ( bpy ) 2 ( Azdpy ) ( PF6  ) 2  in 
DMSU-d6  with  LiCi  as  supporting  electrolyte.  This  solvent/electrolyte 


combination  gives  a  spectroscopic  window  in  the  region  of  1 10U 


1700 


cm  1  ,  where  important  infrared  bands  of  this  complex  occur.  bpect.ra  were 
obtained  by  subtraction  of  the  spectrum  of  a  'blank'  solution  oi  LiC]  in 
DMllO-de  in  the  OTTLE  ceil  taken  through  the  gold  mini  grid,  from  that, 
containing  the  sample.  The  subtracted  spectrum  or  the  sample  m  solution 
war.  found  to  tie  almost  identical  to  that  measured  in  a  t\Pr  uisc,  with 
little  shifting  of  the  band  frequencies.  Table  11  i  istr,  the  frequencies 


WWW 
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of  the  main  absorptions  in  the  region  of  1200  -  1600  cm*1  .  The  principal 
features  (17)  are  the  occurrence  of  a  strong  band  at  1334  cm- 1  due  to  the 
azo  N=N  stretching  mode,  and  several  strong  overlapping  bands  in  the 
regions  of  1430  -  1500  cnri  and  1560  -  1600  cr i ,  assigned  to  azopyridine 
ring  and  bipyridine  modes.  A  shoulder  at  1317  cr  ‘  is  also  associated 
with  the  azo  group,  and  is  probably  an  (Naz-C)  mode  (17,20).  The  cyclic 
voltammogram  (17)  of  Ru(bpy  )2  (Azdpy )  (PFt$  )2  in  DMSO/LiCl  shows  two 
reversible  one-electron  reductions,  at  -0.76  V  and  -1.29  V  versus  the 
f errocenium/f errocene  couple,  corresponding  to  the  consecutive  addition  of 
electrons  to  the  azo  N=N  bond  (17,21). 

Figures  5(a)  and  5(b)  show  the  spectroscopic  changes  observed  on 
reduction  of  a  solution  of  0.011  M  Ru( bpy )2 ( Azdpy )( PFg )2  in  DMS0-d6  with 
0.09  M  LiCl,  across  the  first  and  second  reduction  couples,  respectively. 
The  main  bands  of  the  reduction  products  are  given  in  Table  II.  Reduction 
across  the  first  reduction  wave  results  in  several  changes  in  the  peaks 
between  1400  and  1600  cm- i  .  The  band  at  1605  cr 1  shows  a  large  decrease 
in  intensity,  while  small  shifts  of  3-5  cm- 1  to  lower  energy  are  seen  for 
the  bands  at  1583  and  1568  cm-1  .  In  the  region  of  1400  cm-  L  .  the  1467  and 
1447  cm'1  bands  disappear,  while  new  bands  appear  at  1457  and  1413  cr*  . 
Change  in  specific  bands,  however,  are  difficult  to  follow  due  to  the 
overlapping  nature  of  the  azopyridine  and  bipyridine  absorptions.  The 
band  assigned  to  the  azo  group  shows  a  reduction  in  intensity  relative  to 
those  at  1400  cm-1 ,  and  is  shifted  by  20  cm'1  to  lower  energy,  consistent 
with  the  addition  of  an  electron  to  the  N-N  bond  (  1 7 ,  13 1  )  .  On  f. nrming  the 
second  reduction  product,  the  azo  peak  at  1304  cm-1  disappears  and  a 
single  relatively  more  intense  band  appears  to  Lower  energy,  at  L295  cm- 1  . 
Several  changes  also  occur  in  the  region  of  14UU-1KU0  enr  *  as  shown  in 
Fig.  5(b),  notably  a  merging  of  the  bands  near  1600  cm- 1  into  one  broad 
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multiple  band  at  1602  cm  .  These  spectroscopic  changes  are  reversible 
upon  re-oxidation  to  the  initial  species. 

The  results  reported  here  have  been  obtained  using  a  gold  minigrid 
working  electrode.  However,  an  attractive  feature  of  the  cell  is  that 
many  other  electrode  materials  can  be  easily  incorporated.  We  have 
obtained  satisfactory  spectroelectrochemical  performance  using  windows 
coated  with  a  conducting  layer  of  tin  oxide  or  thin  carbon  film  as  the 
working  electrode.  Similarly,  the  cell  may  readily  be  used  with  semi¬ 
transparent  metal  film  electrodes,  or  other  electrode  materials,  such  as 
platinum  gauze. 

In  summary,  the  thin-layer  cell  described  here  has  several  advantages 
over  many  previous  cell  designs.  These  include  versatility  of  the 
spectroscopic  range  and  electrode  material,  good  electrochemical 
behaviour,  ease  of  cleaning  and  assembly,  and  suitability  for  use  with 
aqueous  or  organic  solutions.  In  particular,  the  cell  allows  the 
convenient  and  rapid  acquisition  of  infrared  data  on  redox  species,  an 
area  which  has  been  neglected  in  the  past,  but  which  can  provide  important 
information  concerning  the  nature  of  the  redox  species  and  the 
electrochemical  processes  taking  place. 

No  problems  were  experienced  in  recording  the  spectra  of  air 
sensitive  materials  even  though  there  is  evidence  that  Teflon  is 
somewhat  permeable  to  oxygen.  Where  extreme  air  sensitivity  is  a  problem, 
Kel-F  might  be  used  for  the  spacer  material. 
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Figure  Legends 

Figure  1.  Schematic  diagram  of  the  thin-layer  spectroelectrocherai cal 
ceil:  (a)  front  view;  (b)  side  view;  (c)  assembly  of  the  cell. 

Figure  2.  Thin-layer  cyclic  voltammograms  of  1  mM  K^FeCCN)^  in  J  M  KNO-j, 

recorded  at  potential  scan  rates  of  (a)  100  mV/s  ( _ ),  and  (b)  lmV/s 

( - ).  The  reference  electrode  is  AgCl-coated  Ag  foil. 

-4 

Figure  3.  Thin-layer  cyclic  voltammogram  of  4.5  x  10  M  ZnTNPc  in  DCB 
with  0.3  M  TBAP.  Scan  rate  -  1  mV/s.  The  reference  electrode  is  AgCl- 
coated  Ag  foil. 


Figcre  4. 

Development  of 

the 

thin-layer 

spectra 

wi  th 

time  for 

the 

oxidation 

of  1.6  x  10  4 

M  ZnTNPc (-2) 

in 

DCB  wi th 

0.3 

M  TBAP. 

The 

reference 

electrode  is  Ag 

foil. 

Reading 

from  the  top 

spectrum  down. 

the 

percentage  of  un-oxidised  material  is  100,  95,  69,  56,  39,  21  ,  12,  6, 
2,  OZ.  The  experiment  is  complete  in  about  15  minutes. 

Figure  5.  Development  of  the  thin-layer  FTIR  spectra  with  time  for  the 
reduction  of  0.011  M  R^bpy^CAzdpyXPF^  in  DMSO-d^  with  0.09  M  LiCl: 
(a)  first  reduction;  Reading  from  the  top  spectrum  down,  the  percentage 
of  un-reduced  material  is  100,  71,  54,  34,  07..  (b)  second  reduction. 
The  reference  electrode  is  Ag  foil.  THe  experiment  is  complete  in  about 


15  minutes. 


Table  I.  Peak  to  Peak  Separations  (  E)  of  the  Fe ( CN )6 3  - /Fe ( ON )6 « * 
Couple  in  1  M  KN03  Solution. 


Scan  rate  (mV/s) 

1 

10 

20 

50 

10U 

E  (mV) 

15 

20 

25 

45 

1U0 

